What do the new findings imply?
► These findings imply a strong intergenerational linkage between short maternal height and the risk of offspring mortality at age 0-59 months in Bangladesh.
AbsTrACT background Global or regional evidence showed maternal height as a strong predictor of child survival. However, there is limited information that confirms the intergenerational effect of short maternal height on the risk of offspring mortality in Bangladesh. Therefore, this study aimed to examine the association of maternal height with neonatal, infant and under-five mortality in Bangladesh.
Methods It was a pooled analysis of data from four rounds of Bangladesh Demographic and Health Surveys 2004 , 2007 . We included singleton children aged 0-59 months born to mothers aged 15-49 years (n = 29 698).
Mothers were interviewed to collect data on maternal and child characteristics, and socio-demographic information. Maternal height was measured using an adjustable measuring board calibrated in millimetres. We used STATA V.14.2 and adjusted for the cluster sampling design. Multivariate 'Modified Poisson Regression' was performed using stepwise backward elimination procedures to examine the association between maternal height and child death. results In the adjusted model, every 1 cm increase maternal height was associated with a reduced risk of neonatal mortality (relative risk (RR) = 0.973, 95% CI 0.960 to 0.986), infant mortality (RR = 0.980, 95% CI 0.969 to 0.991) and under-five mortality (RR = 0.982, 95% CI 0.972 to 0.992). Children of the shortest mothers (height<145 cm) had 1.73 times greater risk of neonatal mortality, about 1.60 times greater risk of infant mortality and 1.48 times greater risk of under-five mortality compared with those of tall mothers (height≥155 cm). Among the children of the shortest mothers (height<145 cm), the absolute probabilities for neonatal, infant and under-five mortality were 4.4%, 6.0% and 6.5%, respectively, while for the children of the tall mothers (height≥ 155 cm), the absolute probabilities for neonatal, infant and under-five mortality were 2.6%, 3.7 %, and 4.4%, respectively. Conclusion These findings suggest a robust intergenerational linkage between short maternal height and the risk of neonatal, infant and under-five mortally in Bangladesh.
InTroduCTIon
Globally, there has been substantial progress in child survival in the last two decades.
Despite such advances, disparities exist in neonatal, infant and under-five mortality across regions and countries. More than 80% of global under-five deaths occur in South Asia and sub-Saharan Africa. 1 In South Asia, Bangladesh has one of the highest under-five mortality rates with around 1 06 000 children dead before 5 years of age in 2016. 1 Maternal and child undernutrition are important underlying causes of neonatal and under-five mortality. Prior research revealed that nearly 45% of all under-five deaths were attributable to fetal growth retardation, stunting, wasting, vitamin A and zinc deficiencies and suboptimal breast feeding in low-income and middle-income countries (LMICs) in 2011. 2 However, more than 1 in 10 of these under-five deaths was caused by fetal growth retardation (FGR) that is associated with BMJ Global Health maternal undernutrition and short stature. 2 In LMICs, short maternal stature is associated with about 6.5 million term or preterm, small-for-gestational age (SGA) births, caused by FGR annually. 3 Recently, two large studies that pooled data showed maternal height as a strong predictor of under-five mortality in LMICs. 4 5 One of these studies showed that reductions in maternal height from the average of 155 cm gradually increased the risk of under-five mortality. 4 Another study showed that children of mothers with short stature (<145 cm) had about 1.6 times higher risk of neonatal mortality and nearly 1.4 times higher risk of under-five mortality compared with those with taller mothers (≥160 cm). 5 Recently, a few studies have assessed the determinants of child mortality in Bangladesh 6 7 but none of these studies considered to measure the association between maternal height and risk of mortality among neonates, infants and under-five children in Bangladesh. Therefore, in this study, we examined the association of maternal height with neonatal, infant and under-five mortality adjusting for other maternal, child and socio-demographic covariates using a nationally representative sample. The findings of this study should help improve programmes and policies aimed at increasing survival among neonates and under-five children in Bangladesh by focusing attention on the effects of intergenerational undernutrition.
MeTHods data sources and sampling design
In this analysis, we used the data from 2004, 2007, 2011 and 2014 Bangladesh Demographic and Health Surveys (BDHS). 8 Demographic and health surveys (DHS) are nationally representative sample surveys that collect information on demographic characteristics, and health and nutrition outcomes of the women and their children. 9 The DHS sampling and household listing methods have been described elsewhere. 10 In the BDHS, ever-married women aged 15-49 years were interviewed for data on women and children. The complete birth history of the respondents was recorded for all the live births. 11 We used information from 29 698 children who were born 5 years before the surveys conducted in 2004, 2007, 2011 and 2014 . Trained interviewers measured the height of the women using standard wooden boards calibrated in millimetres. 12 
Conceptual framework
This study used a conceptual framework for assessing the association between maternal height and neonatal, infant and under-five mortality. This framework was adapted from the 13 UNICEF 2013 conceptual framework for determinants of child undernutrition 13 based on available information in the BDHS data sets 2004, 2007, 20011 and 2014 . Figure 1 presents the framework used in this study, along with the selected possible predictors of neonatal, infant and under-five mortality in Bangladesh.
Primary outcome
The primary outcomes of this study were neonatal, infant and under-five mortality. We have calculated the rate of mortality according to the measure of the infant and child mortality in DHS survey data. 14 We define the rate of mortality as the number of deaths per thousand live births. Hence, we have estimated neonatal mortality as the proportion of the infants who died within the first month, infant mortality as the proportion of infants who died within aged 0-11 months and under-five mortality as the proportion of the children who died within aged 0-59 months.
Main exposure
The main exposure of our study was maternal height. In our analysis, we considered maternal height as a continuous variable to measure the mean height in centimetre and the effect of every 1 cm increase of maternal height on abovementioned primary outcomes. We also categorised maternal height as following categories: ≥155.0 cm (the tallest group as reference), 154.9-150.0 cm, 149.9-145.0 cm and <145.0 cm (the shortest group) and used these categories in our analysis. These categories were similar to those applied in two earlier maternal anthropometric studies, which measured the association between maternal height and child mortality. 5 However, we modified the cut-off for the tallest maternal height category from ≥160.0 cm to ≥155.0 cm. There were two reasons for this modification of the cut-off for the tallest (reference) group in our study. First, there was only a small number of observations in the category of maternal height≥160.0 cm (<5% of the total sample size). Second, there is evidence indicating that maternal height<155.0 cm increases the risk of under-five mortality. 4 
Covariates
We included nine covariates as the risk factors for child mortality, all of which earlier studies examined. 15 16 We categorised these covariates as maternal-level, childlevel, household-level and community-level covariates. Maternal covariates considered were the maternal age at birth, maternal education and maternal occupation. Child covariates considered were child's sex, combined birth rank and interval. Household-level and community-level covariates considered were household wealth, husband's education, the location (rural or urban) and region of residence. We created a composite household wealth index from a list of household assets and facilities. All these variables were used as continuous variables and weighted using Principal Components Analysis (PCA) methods, and we calculated the household wealth index as the sum of the weighted score. 17 We divided this wealth index in quintiles for categorical analyses. In our analysis, we also included time variable 'year of survey' and the variable 'recall period' constructed by calculating the differences from the date of interview to the child's date of birth. 
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statistical analysis
We used STATA V.14.1 (StataCorp) to analyse the data. We applied 'svy' commands and sampling weights to adjust for the cluster sampling design in frequencies and cross-tabulations describing the study population, the primary exposure (maternal height), the maternal-level, child-level, household-level and community-level covariates, and the year of survey. Afterwards, we performed a multivariable modelling approach using 'Modified Poisson regression with robust error variance' 18 to estimate the association between outcome and main exposure adjusted for other covariates and recall periods. In this model building process, we first perform unadjusted univariable Poisson regression analysis between outcome and exposure or each of the covariates. We report the unadjusted relative risks (RRs) along with their 95% CIs and p values. Based on the unadjusted analysis, we selected covariates with p<0.25 along with the main exposure to build the base model for the multivariable modelling process. Then, we checked for collinearity between the variables selected for the base model. Finally, we constructed the multivariable Poisson regression models by a backward elimination method to identify the significant predictors of mortality along with maternal height. The level of significance was calculated at the 5% level using two-tailed Wald tests. For the continuous exposure and covariates, we checked the assumption of linearity with fractional polynomial and chose the appropriate parameterisation. 19 We also performed multivariable Poisson regression with the final model adding all possible interactions between the main exposure and significant predictors and selected any significant interactions with p<0.01 as a potential effect modifier for the full model. Then, we tested the full model for goodness of fit using both Pearson and deviance χ2 statistics. 20 21 If these tests were non-significant (p>0.05), the model was considered as the best fitted for Poisson regression. Finally, we reported the findings from the multivariable models as adjusted RR, 95% CIs and p values. We considered statistical significance as p<0.05, and we presented the exact p value when p>0.001. resulTs Among 29 698 singleton live births in the preceding five years of each survey, we excluded about 2% of the sample BMJ Global Health due to missing values for any of the covariates or biologically implausible outliers of the main exposure, maternal height, in the final analysis. For this study, we selected 29 128 singleton live births for the final analysis. Among them, the number of neonatal deaths was 992 (34 per 1000 live births), infant deaths was 1373 (47 per 1000 live births) and under-five deaths was 1544 (53 per 1000 live births) (table 1). Nearly one in five neonatal and child deaths occurred among the children of women with short maternal height (<145 cm) (table 1). The highest proportion of the neonatal (38%) and under-five child deaths (35%) occurred among the adolescent mothers aged <20 years. More than one in four neonates died whose mothers were illiterate, while the highest proportion of neonatal deaths (37%) occurred among the newborn babies whose fathers were illiterate. Moreover, neonatal deaths occurred among about two-thirds of the mothers and more than half of the fathers whose education was either primary or secondary level. The highest proportion of child deaths occurred among the children of first birth rank, which was about 46% for neonatal mortality and nearly 40% for infant and under-five child mortality. The distributions of these covariates were also comparable across the maternal height categories among all under-five children (see online appendix supporting table 1).
This study also showed that the mean maternal height increased from 150.3 cm in 2004 to 150.9 cm in 2014. There was no sign of an increasing gap between the wealthiest and poorest women as the gap in maternal height between these groups remained constant over the four surveys (figure 2). Our results showed that neonatal mortality was inversely associated with maternal height adjusted for maternal education, sex of the child, combined birth rank and interval and household wealth (table 2). In the adjusted model, every 1 cm increase of maternal height significantly reduced the risk of neonatal mortality by 3% (RR=0.973, 95% CI 0.960 to 0.986, p<0.001). Compared with the tallest mothers (height≥155 cm), the risk of neonatal mortality significantly increased about 1.73 times more among the children of the shortest mothers (height<145 cm) (RR=1.73, CI 1.31 to 2.28, p=0.001). The adjusted absolute probability of neonatal death was 2.6% for maternal height ≥155.0 cm, while it was significantly increased to 3.1% for maternal height 154.9-150.0 cm, 3.5% for maternal height 149.9-145.0% and 4.4% for maternal height<145 cm (p=0.001) (figure 3).
In the models adjusted for maternal education, occupation, combined birth rank and interval and household wealth, every 1 cm increase of maternal height significantly reduced about 2% for both under-five mortality (RR=0.982, 95% CI 0.972 to 0.992, p=0.001) and infant mortality (RR=0.980, 95% CI 0.969 to 0.991, p<0.001) (table 3). If we considered parent's education in the final models, both the mother's and the father's education were significant factors for under-five and infant mortality, but not household wealth. When we replaced the father's education with household wealth in the final model, as household wealth was correlated with father's education, the model showed household wealth as a significant factor for under-five and infant mortality (online appendix supporting table 2 and supporting  table 3) . In adjusted models, the risk of dying among the children with the short mothers (height<145 cm) was significantly higher at age under 5 years (RR=1.48,95% CI 1.20 to 1.82, p=0.001) and age less than 1 year (RR=1.60, 95% CI 1.28 to 2.01, p<0.001) compared with those with the tallest mothers (height≥155 cm) (table 3). The absolute probabilities of under-five and infant mortality were about 6.5% and 6.0% respectively for the children of short mothers, while these were about 4.4% and 3.7% respectively for children of tall mothers (table 3) .
dIsCussIon
Main findings
Based on our analysis of a nationally representative sample, maternal height was inversely associated with neonatal, infant and under-five mortality in Bangladesh. Our results provided robust evidence that short maternal stature (<145 cm) substantially increased the risk of child mortality compared with taller maternal height (≥155 cm). Our study also showed a higher proportion of women with short stature among the poorest households compared with the wealthiest households. The mean maternal height increased from 2004 to 2014, and there was no sign of an increasing gap in mean maternal height, between women from the wealthiest versus the poorest households. The findings of this study are important because they provide evidence for child survival programmes and policies of the need to focus on maternal undernutrition as an underlying cause of child mortality in Bangladesh.
strengths and limitations
This study has several strengths. First, it pooled data from four rounds of BDHS (2004, 2007, 2011 and 2014) , thus providing large nationally representative samples with an average 98% response rate. [22] [23] [24] [25] Second, we restricted the data to children born in the five years preceding the survey date to minimise the recall bias. Third, we used Poisson regression models with robust variance as this is one of the less biased approaches to obtain correct estimates of the risk ratio for a dichotomous outcome like child mortality in biomedical research. 26 Fourth, in the analysis, we considered a wide range of well-known risk factors for child undernutrition in the model to provide better estimates of the association between child mortality and maternal height. Fifth, the pooled analysis increased the study power, which allowed a full exploration of the effect of maternal height on mortality.
However, the study had several limitations that need to be considered while interpreting the results. As we used the data from cross-sectional surveys, our study only reported the association but not a causal relationship BMJ Global Health between maternal height and child mortality. The selection of covariates assessed in this study was driven by the data available in the BDHS data sets. For the data constraints, our study cannot examine the genetic and epigenetic factors, common confounders for maternal height and her offspring's health, to demonstrate how maternal height is linked to child health. Moreover, this study considered adult maternal height as a proxy indicator of her environmental exposure in the early stage of life and over the growing period. Due to data constraints BMJ Global Health in BDHS, we could not consider information on maternal anthropometry or socioeconomic status in her childhood that would facilitate a more direct assessment of the intergenerational linkages in health. Another limitation was that these data sets only had the information about the surviving women and that might underestimate the relation between maternal and child mortality.
Association between maternal height and offspring mortality Our study showed a robust inverse association between maternal height and neonatal and under-five mortality after adjustment for maternal, child and socioeconomic covariates. This finding was consistent to other studies from a neighbouring country, India, and other low-income countries. 5 27 A large national survey (NFHS, 2005 (NFHS, -2006 in India reported that each centimetre increase of maternal height was inversely associated with under-five mortality (RR=0.978, 95% CI 0.970 to 0.987). 27 Similarly, another large study that pooled data from 54 low-income countries showed that each centimetre increase of maternal height significantly reduced the risk of neonatal mortality (RR=0.982, 95% CI 0.981 to 0.983) and underfive child mortality (RR=0.988, 95% CI 0.987 to 0.988). Maternal short stature and risk of offspring mortality Similar to findings of earlier studies, our study also showed very strong evidence of an association between maternal short stature and risk of offspring mortality after adjustment for socioeconomic status. Moreover, this risk was greatest for maternal short stature <145 cm. We also showed that the risk of offspring mortality gradually increased for the shorter mothers compared with the tall mothers whose height was >155 cm. This finding was consistent with the pooled analysis of DHS data from 42 low-income countries in Asia and Africa, which showed that the hazard of child mortality progressively increased with the gradual decline of the maternal height from the average of 155 cm. 4 The linkage between short maternal height, socioeconomic status and the offspring's health can be explained by the four possible mechanisms as suggested in earlier research: (1) biomechanical (ie, narrower pelvic size, placental insufficiency or abruption); (2) biological (ie, poor nutrition stock, altered fetal metabolic programming); (3) genetic and (4) psychosocial (ie, low socioeconomic status or poor living standards). 28 New research on human development and epigenetics in human and animal studies has revealed that maternal undernutrition could impact on fetal programming through several pathways: (1) impaired placental growth; (2) insufficiency of placental to transfer essential nutrients to the fetus; (3) oxidative stress in both placenta and fetal; (4) epigenetic modification (ie, DNA methylation) to adapt with the adverse fetal environment; (6) altered genome activity and gene expression for fetal programming; and (7) alerted fetal programming causing impaired growth, development and immune function of the fetus through hormonal imbalance, metabolic disorder, organ dysfunction and defects in cell signalling. 29 30 Evidence from an epidemiological study has reported an association between short BMJ Global Health BMJ Global Health maternal stature and placental abruption, pre-eclampsia, preterm birth and SGA. 31 Also, mothers who were SGA at birth due to her adverse environment, like low socioeconomic status, were more likely to deliver SGA babies and thus leading to an intergenerational transfer of poverty. 32 Evidence from LMICs has revealed that SGA increases the risk of deaths by more than double for the term neonates and by about 15 times among the preterm neonates compared with the term appropriate for gestation age (AGA) babies. 33 34 Moreover, low birth weight or SGA infants are also more likely to be stunted and wasted 35 which increases their risk of cause-specific mortality due to a synergistic interaction between undernutrition and infections like pneumonia or diarrhoea. 36 Thus, short maternal height leads to an increased risk of child mortality through preterm birth, fetal growth retardation and child undernutrition.
Mean maternal stature over the time in the context of bangladesh This study also showed that average maternal stature increased over the time from 2004 to 2014 in Bangladesh, but it was as little as less than 1 cm. Although the country has made significant progress in reducing linear growth faltering among under-five children, the improvement in childhood growth is yet to reflect on adult maternal stature. We also found that there was no sign of an increasing gap between the wealthiest and poorest socioeconomic group over the last decade. However, the average maternal height was shorter among the poorest compared with the wealthiest socioeconomic group. A study that pooled data from 54 countries suggested that socioeconomic inequalities in women's stature remain persistent over the last few decades in low-income countries including Bangladesh. 37 This study also showed that Bangladesh was among the five countries in the world where women's height on an average was shorter than the global mean height. Another recent study revealed that short maternal stature along with other socioeconomic covariates significantly contributed to socioeconomic inequality in stunting among under-five children in Bangladesh. 38 Therefore, intergenerational effects can interact with social disparities resulting in growth faltering in childhood which would continue affecting adult short stature.
Programme implications
Our study is critical for Bangladesh, which has the highest proportion of women in the world with the short stature (height <145 cm), 39 with more than 1 in 10 women being short in stature or stunted. 40 The high burden of short stature implies that these women would have been deprived of optimal nutrition from an early to later stage of life and thus transfer undernutrition across the generations. However, we continue to neglect to address maternal undernutrition, especially short maternal stature, as a way to reduce cause-specific child mortality. Although Bangladesh has made substantial improvements in its health system, along with socioeconomic, environmental and educational improvements to reduce child mortality, 41 there has been little progress in addressing the intergenerational effect of undernutrition to improve child health and survival. Recently, the United Nations System Standing Committee on Nutrition recommended improving maternal nutrition, even for short-statured women, through improvements in preconception or conception diet quality, to break the intergenerational cycle of growth faltering in utero leading to poorer child survival. 42 Therefore, the current study findings draw attention to the programme and policymakers to focus on improving maternal nutrition for better offspring nutrition, health and survival. We also recommend evidence-based approaches of nutrition promotion and improved water and sanitation practices that have the potential to improve growth and break the vicious cycle of growth faltering in childhood. 43 Although nutrition interventions have long-term consequences on adult height, improving the growth of girls is essential to reduce short maternal stature in Bangladesh. Therefore, these current study findings should draw the attention of the programme and policymakers to focus on improving maternal nutrition for better offspring nutrition, health and survival.
ConClusIon
Our study showed maternal height was a strong predictor of child survival was inversely associated with neonatal, infant and under-five mortality in Bangladesh. Our results provided robust evidence that short maternal stature (<145 cm) substantially increased the risk of child mortality compared with taller maternal height (≥155 cm). Although the poorest households had a higher proportion of women with short stature, compared with the wealthiest households, the short stature of adult women in this study is a proxy for their nutritional environment in utero and early childhood. Our findings suggest an important intergenerational linkage of the mother's nutritional status with the health and survival of her offspring.
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